While still in its infancy, the budding field of gravitational-wave astronomy has so far exceeded most expectations, and the achievements that have already been made bode well for the decade to come. While the discoveries made possible by LIGO have captured the imagination of experts and nonexperts alike, it is important when looking ahead to consider those discoveries in the context of the field as a whole. Just as radio, optical, and x-ray radiation probe different physical phenomena occurring on a range of length and energy scales, the future of gravitational-wave astrophysics depends on our ability to open up the entire spectrum. We will describe the scientific prospects for the field of gravitational-wave astronomy as a whole as we enter the coming decade, and we will place the specific contributions from a future space-based gravitational-wave observatory within this context.
Introduction:
The field of gravitational-wave (GW) astrophysics has witnessed tremendous progress in the past few years, starting with the extraordinary successes of Advanced LIGO in making the first direct detection in 2015 [1] , followed by the first observation of gravitational waves and light from a common source by Advanced LIGO (hereafter LIGO) and Advanced Virgo in 2017 [2, 3] . At the same time, both Cosmic Microwave Background (CMB) experiments and Pulsar Timing Arrays (PTAs) are closing in on sensitivity levels where they may reasonably expect to see a signal. In addition, the success of LISA Pathfinder in exceeding its own performance target in 2016 [4] , and ultimately exceeding the final LISA performance target in 2018 [5] has solidified confidence in the viability of space-based gravitational-wave observation. As a result of these and other developments, the landscape for gravitational-wave science is very different than it was a decade ago.
Ground-based facilities
The subfield of ground-based laser interferometers, which includes LIGO and its planned upgrades and future proposed facilities like Voyager, Cosmic Explorer, and the Einstein Telescope [6] , probe gravitational wave frequencies of Hz-kHz. The principal phenomena expected in this band are the inspirals and merger-ringdowns of binaries containing neutron stars and stellar-and intermediatemass black holes. The results from LIGO to date suggest that black-hole binaries are and will continue to be the most common observed source, because although they are intrinsically more rare, their larger masses compared to neutron stars make them visible to greater distances. During the most recent observing run, the LIGO network of detectors had sufficient sensitivity to observe stellar black-hole binaries out to distances of several Gpc, and to observe neutron-star binaries out to hundreds of Mpc [7] .
In the near future, the current Advanced LIGO and Advanced Virgo facilities are poised to reach their design sensitivities, with additional facilities having comparable sensitivities slated to join the worldwide network over the next several years. In addition, funding has already been approved to begin the next phase of facility upgrades. As early as 2024, these upgrades to the LIGO instruments, dubbed "A+", will have the capability to observe even farther: approaching 1 Gpc for neutron-star binaries and beyond a redshift of 1 for stellar-mass black-hole binaries like those that have already been observed [8] . Additional proposed upgrades to the existing facilities could allow the sensitivity to reach the quantum noise limit down to 5 Hz, which would allow the observation of stellar-and intermediate-mass black-hole binaries out to a redshift of 6, and to localize binaries containing neutron stars to a far smaller area on the sky, which will greatly enhance the prospects for observing electromagnetic counterparts [9] .
In addition to informing our understanding of the distributions of black holes and neutron stars out to those distances, we can infer their environments and formation mechanisms based on their measured masses, spins, and orbital eccentricities. Observing neutron stars will eventually give us insights into their equation of state, through its effect on the tidal dissipation of energy during the inspiral, and the disruption of the star in the presence of a small enough black holes tidal field. Observing black holes in such a strong-field regime will provide ever-improving tests of general relativity, and may eventually uncover signs of deviations from general relativistic predictions that are indicative of new physics.
One of the highlights in this emerging field over the last few years has been the observation of a complete spectrum of electromagnetic emission [10] coinciding with the first (and as of 2019, only) detection of a neutron-star binary [11] . This event was closer and therefore louder in gravitational waves than was generally expected for this first event, which made it possible to observe its radio and optical emission, and yet it was also visible in x-and gamma-rays, despite being far closer than any other observed gamma-ray burst before or since [12] . With the combined information from both types of radiation, we were able to confirm that neutron-star mergers are the progenitor of short gamma-ray-bursts, and that these events are primarily responsible for creating most of the heavy elements in our Universe. This event was also used to constrain the Hubble constant in a new and systematically different way [13] ; this method, when applied to more sources in the future, will eventually help clarify the existing disparity between measurements of the Universe ′ s expansion made using data from Planck, and measurements that rely on the use of supernovae as standard candles.
CMB polarization
While LIGO has made the only direct observation of gravitational waves so far, advances in other wavelengths, using very different methods from LIGO, have reached levels of sensitivity where it is not unreasonable to expect a signal, and the continued absence of a detectable signal places interesting limits on otherwise viable theories of the early Universe [14, 15] . Gravitational waves with cosmological-scale wavelengths leave a unique pattern, referred to as B modes, in the anisotropy pattern of the CMB polarization [16] . Detection of this primordial signal would have profound implications for the theory of the early Universe. Sensitivity to B-mode polarization in the CMB has dramatically improved in recent years, and further improvements are underway. These measurements probe the amount of energy in the very early Universe that was contained in gravitational waves, and therefore provide a snapshot of the state of the Universe as it exited its inflationary phase. These waves redshift with the cosmic expansion, so that the CMB signal is dominated by wavelengths on the scale of the cosmological horizon at the time of last scattering and again at reionization. These timescales translate into large angular scales in the present day.
There are a number of CMB polarization experiments pursuing the large-angle B-mode signal, looking for signs of a primordial background of gravitational waves. Current ground-based efforts include BICEP3 [17] , CLASS [18] , Polar Bear and the Simons Array [19] . Large experiments are also getting underway, including the Simons Observatory [20] and the CMB-S4 collaboration [21] . Balloon-borne experiments include Spider [22] and the proposed PIPER [23] , and satellite missions that are under study include LiteBird (JAXA) [24] and PICO (NASA) [25] .
Pulsar timing arrays
At frequencies from 1-100 nHz, three different pulsar timing arrays (PTAs), the European PTA, North American Nanohertz Gravitational Wave Observatory (NANOGrav), and the Parkes PTA, have all reached sensitivities that have begun to constrain theoretical predictions to varying degrees. The primary target of these observatories is a stochastic broadband signal resulting from the combination of signals from the billions of tightly bound supermassive black-hole binaries throughout the Universe, with the dominant contribution expected to come from binaries at and above a billion solar masses at z 1. These binaries are evolving very slowly and are nearly monochromatic over the duration of current data sets.
The NANOGrav [26] and Parkes [27] PTAs have independently published limits on a stochastic signal that are inconsistent with theoretical expectations for the case of purely gravitationally interacting binaries whose masses are assumed from empirical correlations between black hole and galaxy properties that assume relatively large black hole masses. Most recently, NANOGrav limits have reached the levels where uncertainties in the solar system ephemeris had become a limiting uncertainty, such that the data must now be used to simultaneously account for errors in the ephemeris in addition to any potential correlated signal such as would be caused by a gravitationalwave signal [28] .
Over the next few years, additional data will confirm or refute the presence of a signal. Initially, detection evidence will primarily come from a very narrow band, but over time, additional frequencies will become detectable, allowing us to measure the spectrum of the stochastic signal. The shape and variance of this spectrum will contain information about the mechanism driving binary inspiral at these frequencies, such as gravitational radiation or gas and stellar interactions, as well as information about the distribution of binary properties that contribute most to the signal [29] . In addition to the stochastic contribution that is expected to be the first observable signal in the data, PTAs may eventually observe several other classes of source. PTAs should be able to identify individual signals from the most massive and closest binaries [30] , and if a massive and nearby binary were to actually merge, PTAs could potentially observe a counterpart to the merger signal in the form of a nonlinear memory [31] , whereby the higher-frequency gravitational waves sourced by the merger themselves source a gravitational-wave signature at lower frequencies, which is potentially visible in the PTA band. Apart from signals driven by supermassive black-hole binaries, more exotic sources like cosmic strings and primordial stochastic backgrounds predicted by some theories beyond the standard model could be observed [28] .
Space-based facilities
The frequency band above PTAs and below LIGO is the domain of space-based observatories. PTA sensitivity unavoidably degrades at high frequencies, since white noise in the timing residuals, which are their actual observable, result in a strain sensitivity that strongly favors low frequencies. Similarly, the seismic wall presents a fundamental limit at low frequencies for LIGO and future upgrades, where advanced seismic isolation techniques can push seismic noise below other noise sources over a modest range of frequencies, but no proposed technology can suppress the noise below a few Hz. Filling as much of the band between 100 nHz and 1 Hz as possible requires a broadband instrument, and avoiding a seismic wall requires going into space. This reality has been understood for some time, and motivated the conception of a space-based laser interferometer. However, even demonstrating that an instrument can be adequately isolated from any other disturbances in the absence of seismic noise, requires that you fly an instrument in space.
The need for this technology demonstration was finally satisfied with the flight of LISA Pathfinder, which succeeded beyond even its designers' wildest expectations. Pathfinders design requirements on strain sensitivity were an order of magnitude less stringent than the final LISA requirement, and no requirements were made below 1 mHz. However, not only did Pathfinder exceed its own requirements, but it has exceeded the LISA design requirements as well, and has done so not only above 1 mHz, but across the entire frequency band covered by LISA.
With the tremendous success of LISA Pathfinder, the technology required to build LISA is at an advanced state of readiness for a large mission planned for launch in 2034. In the previous decade, the Astro2010 decadal survey recommended LISA as a priority among L-class missions, but made that recommendation contingent on a successful demonstration of disturbance reduction in space by Pathfinder. Multiple times, in previous decadal surveys as well as internal NASA and ESA competitions such as the Beyond Einstein Program Assessment Committee, the lack of a successful technology demonstration by Pathfinder was raised as the single greatest risk facing LISA. With the success of Pathfinder, this final concern has not only been addressed, but has been completely put to rest, paving the way for the full LISA mission.
Europe has continued to make progress, not only through their leadership on Pathfinder, but by advancing LISA as one of its own L-class priorities. In 2013, ESA identified the gravitational universe as its third science theme, and in June of 2017, the LISA mission concept was selected to fulfill this science theme. Meanwhile, in the U.S., the mid-decadal review of Astro2010 released its report in 2016 [32] , just after LIGO's discovery of gravitational waves and LISA Pathfinder initial demonstration that it had exceeded its design requirements. Citing these successes, the review panel advised NASA to restore full support for LISA in the U.S., so that the U.S. community could be a strong technical and scientific partner. A restoration of NASA's role in LISA, even as a minority partner, is essential to providing the U.S. community with opportunities to make technical contributions and gain insights on design and operation, and to facilitate necessary contributions from the U.S. community.
The science expected from LISA bridges the gap between PTAs and LIGO in a number of ways, which will be detailed extensively in other white papers. Briefly, among its principal science targets, LISA can observe the inspirals and mergers of massive black-hole binaries throughout the visible Universe. Outside the range between 10 4 -10 8 solar masses, LISA can still observe black-hole binaries to substantial distances. Specifically, LISA could observe the merger of any supermassive binary that would be visible as a resolvable binary or a nonlinear memory event by PTAs. Both through its observation of more distant, lower-mass sources as well as the most massive nearby sources, LISA will provide an ideal complement to the science provided by PTAs. Within the paradigm of hierarchical structure formation, the massive nearby PTA sources were assembled through some combination of accretion and mergers by more distant, lower-mass LISA sources. In terms of the life cycle of a very massive binary, PTAs provide information about the early inspiral of the nearby population, and LISA observes the late inspiral and final merger of the more distant massive population, as well as any rare nearby massive sources that merge. For the most nearby sources, this final merger itself drives a nonlinear memory signal that could be observable by PTAs. While the event rates for nonlinear memory are not very encouraging, LISA is expected to observe hundreds of mergers, most or all of which will be far, far louder, relative to instrument noise, than can be achieved by ground-based observatories. As such, LISA presents the best opportunity, by far, to probe the strong-field, nonlinear domain of highly dynamical gravity [33, 34] .
For masses below 10 4 solar masses, LISA can still observe binaries to substantial distances. For instance, GW150914, Advanced LIGO's first directly detected source, would have been visible earlier in its inspiral by LISA [35] . This complementarity between LISA and any contemporary ground-based observatory presents a number of exciting scientific opportunities. For instance, LISA will be able to provide precise sky locations months or even years before merger, allowing electromagnetic observatories to monitor for counterparts that might precede, as well as follow, the merger event. In addition, whereas sources are likely to be on orbits with very low eccentricity once they reach the LIGO band, sources formed in highly dynamical environments like globular clusters could have sizable eccentricities in the LISA band, so observing that epoch would greatly inform our understanding of the formation mechanisms for these sources [36] .
Aside from the extremely rich astrophysics and fundamental physics that LISA can probe for massive binaries, LISA is expected to observe the infall of stellar-mass black holes into supermassive black holes, referred to as extreme mass ratio inspirals (EMRIs). These events complement the observation of comparable-mass mergers, in that the stellar black hole serves as an effective test mass, probing the essentially static spacetime of the supermassive black hole. In this way, EMRIs provide an equally strong-field probe, but of a system that is well understood analytically both within general relativity (GR) and within an ever-increasing number of alternative theories. Therefore, these events can be leveraged as laboratories for placing limits on deviations from GR, or possibly even providing evidence for a theory beyond GR [37] .
In addition to black-hole binaries, LISA will resolve tens of thousands of galactic binaries, primarily made up of white dwarfs, with some potential contribution from neutron stars and black holes as well. In addition to resolvable binaries, white dwarf binaries in our galaxy are so numerous that they will provide a stochastic background. In much the same way that resolvable and unresolvable supermassive black-hole binaries observed by PTAs will inform our understanding of their dynamics and distributions, LISA's observations will provide a tremendous advance in our understanding of compact objects in our galaxy. Beyond the sources anticipated based on wellestablished empirical astrophysics, LISA could also be sensitive to more exotic sources such as primordial stochastic backgrounds from some models of inflation. Since, unlike photons, gravitational waves travel through dense matter, plasma, strong electromagnetic fields, or anything else that might stand in their way, they are ideal probes of the very early Universe beyond the surface of last scattering. While concordance cosmology does not predict a signature from that period that is observable by LISA, it is important to keep in mind that we truly have no other way of knowing with any degree of certainty. Even if nothing exotic is observed by LISA in this regard, it still is clear that gravitational waves provide an ideal probe of the very early Universe, and it is likely that they will eventually better inform our understanding of this epoch [38] .
Conclusions
It is certainly true that no other subfield of astronomy has undergone as much development in the last decade than gravitational-wave astrophysics. The promise of this field was clearly recognized in the past, and was primarily responsible for previous decadal endorsements. Far more of the promise of ground-based observation has been realized at this point in time than most people would have anticipated, but it is important to keep in mind that the results so far are very much only the tip of the iceberg. This field will eventually revolutionize our understanding of how stars of all masses and at all distances are formed and evolve, and how gravity itself operates. All it requires of us is the foresight to invest in this field now, when the opportunities for transformational breakthroughs abound, and the possibilities seem endless.
